Introduction
The use of titanium dioxide (TiO 2 ) as a photocatalyst for the degradation of chemical and biological species in the environment has generated a significant level of scientific interest over the past 20 years [1] [2] [3] [4] . This material has also been used in novel solar cells where TiO 2 acts as a dye-sensitised photo-anode [5, 6] . The photocatalytic activity of TiO 2 is dependent upon a number of factors including, surface area, annealing temperature, crystalline structure light intensity and substrate adsorption and concentration [1] [2] [3] [4] [5] [6] . Consequently unless all these factors are similar for different materials it may be difficult to compare the photocatalytic activity of different TiO 2 photocatalyst materials. Thus the results of work performed in one laboratory may not always be compared with that of another. Frequently, however, the effectiveness of photocatalysts are compared in terms of the rates of pollutant destruction over a particular time period together with the photonic efficiencies for these processes. The two most important photo-active forms of TiO 2 are anatase and rutile, though in many photocatalytic reactions anatase has been reported to shows a higher activity than rutile [7] . This increased performance in photo-activity has been explained by the fact that the Fermi level of anatase is higher than that of rutile by 0.1 eV [2] . Interestingly, however, one of the most photocatalytically active TiO 2 materials, Degussa P25, contains a small amount of rutile in the predominantly anatase structure (approximately 25% rutile to 75% anatase) [4] . This enhancement in photo-activity cannot be explained by individual activity of each crystalline phase but is probably related to the creation of complex structures (for example capped or coupled type heterostructures) of rutile and anatase [2] . One problem with the argument that rutile is less photocatalytically active than anatase is the fact that when anatase material is converted to rutile by sintering above 600 o C, not only is the crystal structure changed, but the particle size and surface area are changed. It is therefore possible that the reduction in photocatalytic activity may be due to the reduction in surface area rather than the change in crystal structure. TiO 2 is known to exist in three crystalline phases rutile, anatase (both tetragonal) and brookite (orthorhombic) [1] [2] [3] . The anatase and rutile phases have the same fundamental structural unit but different modes of arrangement and links. Each crystalline form belongs to a different space group [1] [2] [3] . The rutile structure has a space group D 4h 14 and lattice constants a = 0.4954 and c = 0.2958 nm, while anatase belongs to the space group D 4h 19 and has lattice constants a = 0.3783 and c = 0.951 nm. Brookite has a rather different space group -D 2h 15 and lattice constants a = 0.9184, b = 0.5447 and c = 0.5145 nm.
Raman spectroscopy is a very effective means of detecting these different crystalline phases in TiO 2 powders and the assignment of observed bands to rutile, anatase and brookite has been reported [8] [9] [10] [11] [12] [13] [14] . These crystalline phases are not thermodynamically stable as both anatase and brookite transform irreversibly and exothermically to rutile when heated to high temperatures [10, 15, 16] . We have previously reported that, when irradiated with laser light the crystal phase of anatase TiO 2 transforms to rutile with the simultaneous generation of Ti(III) sites in the material [17] [18] [19] . The particle size and surface area or the laser treated materials however were unchanged. Interestingly the photocatalytic activity of this material was unaltered following treatment. To date there have been no reports of the use of Raman spectroscopy to monitor the effect of intense laser irradiation upon the crystalline phases of TiO 2 . This technique would be particularly useful as a method where the 
Experimental

Results and Discussion
Raman spectra of the three crystalline phases of TiO 2 have been well reported [8] [9] [10] [11] [12] [13] [14] .
Rutile has four Raman active modes A1g + B1g + B2g + Eg [15] , anatase has six Raman active modes A1g + 2B1g + 3Eg [15] and Brookite has 36 Raman active modes [20] . The Raman stokes spectrum of TiO 2 before and after laser irradiation treatment for 10 min is shown in Fig. 2 . Fig. 2 and 612 cm -1 (A1g) were also observed in Fig. 2 (a) and were assigned to the rutile form of TiO 2 . Thus, the TiO 2 sample before irradiation had Raman bands dominated by the anatase form with some of the rutile form also present.
Following irradiation for 10 minutes with the laser at 355 nm, the TiO 2 sample produced a distinctive Raman spectrum as shown in Fig. 2 
(b). It can be seen that new
Raman bands at 146, 236 and 1050 cm -1 were observed, along with Raman bands at 448 and 612 cm -1 which were present in much greater intensity than in the original sample ( Fig. 2(a) ). Mathematical subtraction of the starting spectrum from the spectrum of the irradiated TiO 2 produced a spectrum (Fig. 2(c) ) entirely due to the newly created species. This spectrum had strong bands centred at 236, 448 and 612 cm -1 along with a weak band at 146 cm -1 . It has been reported that the rutile form of TiO 2 exhibits Raman bands at 235, 447 and 612 cm -1 . Therefore, the spectrum in Fig.  2 (c) was assigned to the rutile form of TiO 2 . These results thus indicate that the anatase form of the TiO 2 was converted to rutile form during laser irradiation. Further complex(es), however, may also have been generated since a band at 146 cm -1 and a very broad band centred at 1050 cm -1 were also present ( Fig. 2(c) ). These bands are not reported to originate from the rutile or the anatase forms of TiO 2 and further studies are required to assign these bands.
Anti-Stokes Raman spectra of TiO 2 following exposure to 355 nm were also recorded ( Fig. 3) . The spectra showed bands centred in the same positions as found with the Raman spectra in Figure 2 . The relative intensities of the vibrational bands for the starting material recorded with anti-stokes Raman were different to the corresponding Raman spectra. The band centred at 398 cm -1 had the highest relative intensity in the anti-Stokes Raman spectra (Fig. 3a) in contrast to the Raman spectra ( Fig. 2a ) which showed a band centred at 640 cm -1 having the highest relative intensity (excluding the Eg band at 144 cm -1 ). The effect of laser exposure upon TiO 2 produced an increase in intensity of bands at 448 and 612 cm -1 while the bands at 398, 515 and 640 cm -1 decreased in intensity. The bands were in the same position as observed in the Raman spectrum ( Fig. 2b) . Therefore the assignment of these spectra indicated that that anatase was converted to rutile. Mathematical subtraction of the starting materials spectrum from the spectrum of the irradiated TiO 2 produced a spectrum (Fig. 3c ) that had bands centred at 448, and 612 cm -1 . The Eg band at 398 cm -1 (Fig 3a) was the most intense band observed in the anti-stokes spectra of TiO 2 . Laser irradiation of the sample reduced the intensity of this band, while shifting its position to 448 cm -1 (Fig   3b) . The spectral features were the same as found with the Raman spectra shown in Fig 3, where the relative intensities, band positions and band widths of these two bands were approximately equal for both the anti-stokes Raman spectrum ( Fig. 3c) and for the Raman spectrum (Fig. 2c ). This further confirmed that anatase material was converted to rutile.
In order to study the kinetics of the conversion of the anatase to rutile phases, the Stokes and anti-Stokes Raman spectra were recorded at several time integrals ( Figs. 4   and 5 ). An increase in the intensity of the bands associated with the rutile form and a decrease in the intensity of the anatase form were observed with laser irradiation time.
The data shown in Fig. 4 was further analysed by plotting the rise and fall of the bands at 236 and 515 cm -1 , which are associated with the rutile and anatase forms, ( Fig. 6 and Table 1 .) This clearly showed the kinetics of the conversion of the anatase to rutile as a function of time.
Further investigations of the effect of laser irradiation upon TiO 2 were undertaken by investigating the effect of heat on TiO 2 following laser irradiation. The effect of subsequent heating of the TiO 2 was found to depend upon the sample irradiation time prior to the thermal treatment. A TiO 2 sample irradiated for two minutes (Fig. 7a ) and a sample irradiated for 10 minutes (Fig. 7c) were found to produce different amounts of rutile crystal phase when subjected to a subsequent heat treatment in a furnace for the same time. This was observed through examination of the intensity of bands associated with the rutile phase (240, 448 and 612 cm -1 ) compared to bands assigned to the anatase phase (398, 515 and 640 cm -1 ). The TiO 2 sample irradiated for two minutes (Fig. 7a ) was found to be a mixture of predominantly anatase with some rutile also present. Following heating in furnace (Fig. 7b ) the rutile phase increased in intensity to a degree comparable to the spectrum shown in Fig 4c, which was the minutes followed by heating ( Fig 7d) the rutile phase was further generated at the expense of the anatase phase, with the rutile phase predominating. An examination of Fig. 7d showed that only one band from the anatase phase (the band at 515 cm -1 ) was clearly visible. This band had a very low intensity compared to the other bands centred at 236, 448 and 640 cm -1 which were assigned to the rutile phase. This indicates that the conversion of anatase to rutile was almost 100 %. The extent of conversion of anatase to rutile through thermal treatment in a furnace following laser irradiation clearly depends on the laser irradiation time prior to the conventional heating.
Conclusion
Raman and anti stokes Raman spectroscopy has characterised the effect of exposure to high power laser radiation on the crystalline phases of TiO 2 . Raman and anti-stokes 
